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ABSTRACT In Escherichia coli, programmed cell death is
mediated through ‘‘addiction modules’’ consisting of two genes;
the product of one gene is long-lived and toxic, whereas the
product of the other is short-lived and antagonizes the toxic
effect. Here we show that the product of lrexB, one of the few
genes expressed in the lysogenic state of bacteriophage l, pre-
vents cell death directed by each of two addiction modules,
phd-doc of plasmid prophage P1 and the rel mazEF of E. coli,
which is induced by the signal molecule guanosine 3*,5*-
bispyrophosphate (ppGpp) and thus by amino acid starvation.
lRexB inhibits the degradation of the antitoxic labile compo-
nents Phd and MazE of these systems, which are substrates of
ClpP proteases. We present a model for this anti-cell death effect
of lRexB through its action on the ClpP proteolytic subunit. We
also propose that the lrex operon has an additional function to
the well known phenomenon of exclusion of other phages; it can
prevent the death of lysogenized cells under conditions of nutri-
ent starvation. Thus, the rex operon may be considered as the
‘‘survival operon’’ of phage l.

The rex operon of bacteriophage l is responsible for the exclusion
of several unrelated phages (for reviews see refs. 1–4). The first
described Rex function was the exclusion by the l prophage of the
development of phage T4rII mutants. In fact, the name rex comes
from rII exclusion. The phenomenon of T4rII exclusion has a
special status in the history of molecular biology and genetics and
has been compared with that of the gene causing Mendel’s rough
and smooth peas (2). The rex exclusion function requires the
products of two adjacent genes, rexA and rexB (5, 6). Parma et al.
(3) have shown that lRexB is an inner-membrane protein with
four transmembrane domains. They have suggested that lRexB
forms ion channels that are activated by lRexA in response to a
signal generated during lytic growth and thereby cause cell death.
The genes rexA and rexB, together with the cI repressor gene, are
located in the immunity region of l (for review, see ref. 1). The
genes rexA and rexB can be expressed coordinately with the cI
repressor gene from promoters pRM and pRE (5, 7, 8). However,
there is a third promoter, pLIT, that overlaps the region encoding
the carboxyl terminus of rexA. Transcription from pLIT results in
the synthesis of the lit mRNA, which permits the expression of
rexB without that of rexA (5, 7, 9). This shift from coordinate to
discoordinate expression of rexB and rexA implies that lrexB may
have another function independent of that of rexA (3, 5).

We previously reported (4) another function for the product of
lrexB that prevents the in vivo degradation of the short-lived
protein lO, known to be involved in l DNA replication. We
suggested that lRexB may act as an inhibitor of the Escherichia
coli protease involved in lO degradation. The protease respon-
sible for lO degradation has since been characterized as the

ATP-dependent serine protease ClpPX (10, 11). The ClpP pro-
teases form a family in which a proteolytic subunit, ClpP, can
associate with at least one of the specificity subunit—ClpA
(12–14) or ClpX (10, 11, 15)—that bears the ATPase activity.
Besides lO, only a few substrates of the ClpP proteases have been
identified. Among these are the short-lived proteins of two
‘‘addiction modules’’ that are subjected to degradation by two
different ATP-dependent ClpP proteases (see below).

Addiction modules consist of two genes. In most addiction
modules, the product of one gene is long-lived and toxic, whereas
the product of the other is short-lived and antagonizes the toxic
polypeptide. The cells are addicted to the presence of the
short-lived polypeptide because its de novo synthesis is essential
for cell survival. Until recently, addiction modules have been
found mainly in a number of E. coli extrachromosomal elements
(16, 17), among which is the phd-doc module of plasmid prophage
P1 (18, 19). Phd serves to prevent host death when the prophage
is retained; should the retention mechanism fail, Doc causes
death on curing. Doc acts as a cell toxin to which the short-lived
Phd protein is an antidote. Phd itself is degraded by the ClpPX
serine protease (19). The other member of the ClpP family, the
ClpPA serine protease, is responsible for the degradation of
protein MazE, the short-lived antidote of another addiction
module, mazEF, which we discovered recently (20). This pair of
genes also was called chpA (21). The mazEF addiction module
consists of two genes, mazE and mazF, located downstream from
the relA gene in the rel operon (22). In our work, we have found
that MazF is toxic and long-lived, MazE is antitoxic and short-
lived, and they are coexpressed. Moreover, the mazEF system has
a unique property: its expression is regulated by guanosine
39,59-bispyrophosphate (ppGpp), which is synthesized by the
RelA protein under conditions of amino acid starvation. These
properties suggest that the mazEF addiction module may be
responsible for programmed cell death in starving cultures of E.
coli (20). As generally viewed for extrachromosomal elements,
the addiction module renders the bacterial host addicted to the
continued presence of the ‘‘disposable’’ genetic element, the loss
of which causes cell death (17). The new concept for the chro-
mosomal addiction module mazEF is that the continued expres-
sion of this system is required to prevent cell death (20).

Here we show that lRexB, which prevents the degradation of
the short-lived protein lO, acts similarly on two ClpP degradation
systems belonging to two separate addiction modules, the short-
lived Phd protein of plasmid prophage P1, which is a substrate for
ClpPX, and the short-lived MazE protein of the E. coli rel operon,
which is a substrate for ClpPA. Furthermore, lRexB prevents the
killing mediated by these two addiction modules. Our results
suggest that lRexB interferes with the action of the ClpP
proteolytic subunit of the ClpP proteases and thereby prevents
programmed cell death in E. coli.
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MATERIALS AND METHODS

Materials and Media. [35S]Methionine (.800 Ciymmol; 1
Ci 5 37 GBq) was obtained from Amersham. Serine hydroxam-
ate was obtained from Sigma. Antibodies to the addiction protein
Phd of plasmid prophage P1 were kindly provided by M. Yarmo-
linsky (National Institutes of Health, Bethesda, MD). Bacteria
were grown in M9 medium with a mixture of amino acids (20
mgyml each) except methionine or in Luria–Bertani (LB) me-
dium (23). Plasmid-carrying strains were grown in media con-
taining ampicillin (100 mgyml), spectinomycin (100 mgyml),
chloramphenicol (50 mgyml), or kanamycin (25 mgyml).

Bacterial Strains and Plasmids. The bacterial strains and
plasmids used in this work and their sources are listed in Table 1.

Construction of a lrexB::V Insertion Mutation in a l Lysogen.
lrexB located on pLDG1(Table 1) was inactivated by inserting the
v interposon, which carries the aacC4 gene conferring gentamicin

resistance (30). We inserted this v cassette into the unique NdeI
site (after nucleotide 36,113) of lrexB (31). The insertion of the
v cassette was verified by testing for gentamicin resistance and by
DNA sequencing. The constructed plasmid bearing lrexB::V,
which we called pLDG1::V (Table 1), was then transferred by
using recombination to E. coli strain JC7623(l). lrexB::V lyso-
gens were selected by their resistance to gentamicin. A lrexB::V
lysate was used to lysogenize MC4100, and lysogenization was
confirmed by using standard procedures (23).

Cloning Procedures. All recombinant DNA manipulations
were carried out by using standard procedures (32). Restriction
enzymes and other enzymes used in the recombinant DNA
experiments were obtained from New England Biolabs.

ppGpp Induction by a Truncated relA Gene. Strains were
transformed with pALS13 carrying a truncated relA gene under
the inducible promoter ptac. They were then grown overnight in
LB medium at 30°C to mid-logarithmic phase (OD600 '0.4) and

Table 1. Bacterial strains and plasmids

Strain or plasmid Description or relevant genotype Source or reference

E. coli strain
MC4100 araD139 D(argF-lac)205 flbB5301 ptsF25 rpsL150 deoC1

relA1
24

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE relA1 lac [F9 proAB
lacIqZDM15 Tn10(TetR)]

Stratagene

JC7623(l) recBCsbcBC(l) 25; A. Cohen
MC4100lacIq By conjugation from XL1-Blue This study
SG22098 clpP::cat in MC4100 background 13; S. Gottesman
MC4100DmazEF A DmazEF derivative of MC4100 20
MC4100(l) MC4100 lysogenized with l This study
MC4100(lrexB::V) MC4100 lysogenized with lrexB::V This study
MC4100(lDBamDH1) MC4100 lysogenized with lDBamDH1 20
MC4100relA1 A relA1 derivative of MC4100 This study
MC4100relA1DmazEF A relA1 derivative of MC4100DmazEF This study
MC4100relA1(l) MC4100relA1 lysogenized with l This study
MC4100relA1(lrexB::V) MC4100relA1 lysogenized with lrexB::V This study

Plasmids
pGB2 pSC101-based vector, SpcRySmR 26
pGB2ts pGB2 derivative, thermo-sensitive for replication; SpcRySmR 27; M. Yarmolinsky
pGB2ts::phd-doc Derivative of pGB2ts expressing phd and doc; SpcRySmR 18; M. Yarmolinsky
pHAL20 pKK233-3 derivative carrying phd-doc under ptac; AmpR M. Yarmolinsky
pALS13 pBR322 derivative carrying a truncated relA gene under ptac

and a lacIq; AmpR
28, 29

pRLM74 pRLM74 carries the 1.5kb AluI fragment of l which carries
lrexB; AmpR

4; M. McMacken

pRS2UAG pKC30 derivative carrying a UAG mutation in lrexB at
position 36231-36233 of l DNA (31); AmpR

4

pRS2UAA pKC30 derivative carrying a UAA mutation in lrexB at
position 36231-36233 of l DNA (31); AmpR

4

pRS10 pBR322 derivative carrying lrexB under the pLJT promoter;
AmpR, lrexB was subcloned from pRLM74

This study

pRS11 pBR322 carrying lrexBUAG subcloned from pRS2UAG;
AmpR

This study

pRS12 pBR322 carrying lrexBUAA subcloned from pRS2UAA;
AmpR

This study

pLDG1 pSU-2718 derivative carrying lrexB under the pLJT promoter;
CmR

4

pLGD1::V pLGD1 carrying the omega interposon in the lrexB gene This study
pRS14 pSU-2718 carrying lrexBUAA subcloned from pRS2UAA;

CmR
This study

pRS15 pGB2 carrying lrexB under pLJT; SpcRyStrR; lrexB was
subcloned from pRLM74

This study

pRSE pBR322 derivative carrying mazE under lpL; AmpR 20
pRSE1 pRSE carrying lrexB under pLJT promoter; AmpR; lrexB

was subcloned from pRLM74
This study

pAAC An E. coli-Streptomyces shuttle vector carrying the omega
interposen aacC4 gene confering gentamicin resistance

30

pHG335 pKK233-3 derivative carrying lcII under ptac and lacIq;
AmpR

A. Oppenheim
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shifted to 42°C for 10 min. Isopropyl b-D-thiogalactoside (IPTG)
was added to a final concentration of 1 mM for 10 min.

Amino Acid Starvation with Serine Hydroxamate. Cells grown
overnight in LB medium were diluted 1:10 and were again grown
in LB at 30°C to mid-logarithmic phase and shifted to 42°C for 10
min. Freshly prepared serine hydroxamate was added to a final
concentration of 2.5 mgyml for 10 min.

RESULTS

lRexB Prevents the Postsegregational Killing Effect Encoded
by the P1 Addiction Module. We used plasmid pGB2ts::phd-doc,
a temperature-sensitive vector, for replication carrying phd and
doc of the P1 addiction module (18). As previously reported (19)
and as confirmed here, cells carrying this plasmid survive at 30°C.
At 42°C, however, the vector is lost and wild-type E. coli strain
MC4100 cells die (Fig. 1). However, the clpP2 and clpX2

derivatives survive the loss of the vector (data not shown),
probably because the degradation of the P1 antitoxin Phd by the
ClpPX protease is prevented (19). In our studies on the effect of
lRexB on the P1-addiction system, we used MC4100ypGB2ts::
phd-doc cells grown on LB agar plates at 30°C for 48 hr. They were
then transformed with one of the following compatible plasmids:
pRS10 (rexB), pRS11 (rexBUAG), or pRS12 (rexBUAA). As shown
in Fig. 1a, at 42°C the cells survive when they carry the temper-
ature-sensitive plasmid pGB2ts::phd-doc together with the com-
patible plasmid carrying wild-type rexB, but they either die when
rexB is absent (‘‘C’’ quadrants in Fig. 1 images) or when the
plasmid carries a nonsense mutation. These results suggest that
lRexB prevents the degradation of the P1 Phd protein. As shown
in Fig. 1b, at 42°C the cells survive when they are lysogenized with
bacteriophage l. However, they die when the lrexB gene in the

lysogens is inactivated by the insertion of the v interposon
(lrexB::V). The blocking of the function of P1 addiction module
by l prophage (immunity l) was not observed previously (18). It
seems, therefore, that the effectiveness of lRexB in preventing
the action of the P1 addiction module depends on growth of the
culture in solid medium (Fig. 1) rather than in broth (18).
Alternatively, the l prophage described previously (18) might
have carried a lrexB defect.

lRexB Prevents the ClpPX-Dependent Degradation of P1 Phd
Protein. It was recently shown that the addiction protein Phd of
plasmid prophage P1 is a substrate of the E. coli ClpPX protease
(19). This finding enabled us to prove directly our assumption that
lRexB prevents the postsegregational killing effect encoded by
the P1 addiction module (Fig. 1) by preventing Phd degradation.
We studied the effect of lRexB on the lifetime of Phd (Fig. 2A).
As a source of Phd, we used plasmid pHAL20, which carries the
phd-doc genes under the tac promoter. phd expression was
induced by IPTG (in a lacIq strain), and a pulse–chase experi-
ment was carried out at 41°C. Fig. 2A shows that Phd is degraded
with a half-life of about 15 min, and this Phd degradation is
partially prevented by lRexB. The protein is partially stabilized
even during the period from 60 to 150 min. Furthermore, the
stabilization effect of lrexB on Phd is manifested in trans (Fig.
2A). These results suggest that lRexB partially inhibits the
ClpPX-dependent degradation of Phd protein of the P1 addiction
module.

lRexB Prevents the ClpPA-Dependent Degradation of MazE
Protein Encoded by the E. coli rel Addiction Module. Recently, we
found an E. coli chromosomally encoded substrate of the ATP-
dependent ClpPA protease; this is MazE, the short-lived antitoxic
protein of the E. coli rel addiction module (20). Here we studied
the effect of lRexB on the lifetime of MazE in vivo. Fig. 2B shows
that MazE is degraded with a half-life of about 30 min and that
MazE degradation is partially prevented by the presence of the
lrexB gene on the MazE-encoding plasmid. Here too, as in the
case of PhD, MazE is partially stabilized even during the period
from 60 to 150 min. In addition, the stabilization effect of lRexB
on the MazE protein is seen in trans when the mazE and lrexB
genes are carried on two different plasmids (data not shown). The
pulse–chase experiment shown in Fig. 2B was carried out by using
an E. coli strain lysogenized with lcI857. In this system, MazE,
expressed from a multicopy plasmid and regulated by the strong
promoter lpL, is degraded at 42°C. Though we assume that
lRexB is expressed from the lysogen, it did not appear to protect
MazE from degradation. Stabilization of MazE by lRexB is seen,
however, when lrexB, like mazE, is carried on a multicopy
plasmid. Thus, we have concluded that a certain balance between
the amounts of E. coli MazE and lRexB proteins is required for
stabilization to occur.

The results described in Fig. 2 A and B show that lRexB
partially stabilizes Phd and MazE, which are substrates of the
ATP-dependent ClpP proteolytic family. We further asked
whether lRexB may stabilize a substrate of yet another ATP-
dependent E. coli protease. As shown in Fig. 2C, this is not the
case, because lRexB does not prevent the FtsH(HflB)-
dependent degradation of lCII. Under our experimental condi-
tions, lCII is degraded with a half-life of about 10 min. This
degradation is unaffected by the presence of lrexB on a compat-
ible plasmid.

lRexB Prevents E. coli mazEF-Mediated Cell Death. Finally,
we asked whether lRexB, through its stabilization of MazE, may
prevent the mazEF-mediated cell death induced by ppGpp (20).
As before (28), we modulated the cellular level of ppGpp by using
an IPTG-inducible truncated relA gene. The results are summa-
rized in Fig. 3A. As shown, only 10% of the cells survived after
abrupt induction by ppGpp under our experimental conditions.
This effect is mazEF-mediated and clpP-dependent; cell survival
is increased to 60% when the strain is deleted for mazEF or
mutated to clpP2. In the presence of a plasmid-carrying lrexB
gene, however, up to 65% of the cells survived in the wild-type

FIG. 1. The effect of lRexB on the P1 addiction system. (a) E. coli
strain MC4100 was transformed with pGB2ts or pGB2ts::phd-doc, and
transformants were selected after 48 hr at 30°C on LB agar plates
supplemented with spectinomycin (100 mgyml). The postsegregational
killing effect of the phd-doc addiction module was studied by growing the
bacteria on LB agar plates at 30°C or 42°C (19). Cells carrying pGB2ts
grew at both 30°C and 42°C. On the other hand, wild-type cells carrying
pGB2ts::phd-doc also grew at 30°C but died at 42°C. After testing the P1
addiction system in this way, MC4100ypGB2ts::phd-doc cells were trans-
formed either with pBR322 (C for control), pRS10 (rexB),
pRS11(rexBUAG), or pRS12(rexBUAA). The doubly transformed cells
were selected at 30°C on plates containing spectinomycin and ampicillin
and subsequently grown at either 30°C or 42°C on LB plates with
ampicillin only for 24 hr. The results of last step are shown in a. In b, E.
coli MC4100 was lysogenized with l or with lrexB::V. The cells were then
transformed with pGB2ts::phd-doc. b shows transformed E. coli grown on
LB plates for 24 hr at either 30°C or 42°C.
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strain. We further found that the presence of lrexBUAA, a lrexB
allele that carries an ochre mutation, does not prevent ppGpp
toxicity. Thus, it seems that the product of lrexB is responsible for
the significant (6-fold) decrease in cell killing. This conclusion was
further confirmed in an E. coli strain lysogenized with phage l.
When lysogenized with wild-type l, ppGpp toxicity was com-
pletely prevented (100%). However, ppGpp toxicity is not pre-

vented in a l lysogen in which rexB is inactivated by the insertion
of the v interposon.

In a relA1 strain, but not in a relA2 strain, the activation of the
synthesis of ppGpp is governed by amino acid starvation that can
be achieved by the application of the serine analogue serine
hydroxamate (33). Here we used serine hydroxamate to examine
the effect of amino acid starvation, and thereby ppGpp induction,
on cell viability. The results are shown in Fig. 3B. As shown, in a
relA1 derivative but not in a relA2 derivative of strain MC4100,
treatment with serine hydroxamate decreases cell survival to 10%
under our experimental conditions. In other respects, the effect
of serine hydroxamate on cell viability was similar to that of
ppGpp induction, except for one difference (compare Fig. 3 A
and B). lrexB on a plasmid protects better (90%) in cells treated
with serine hydroxamate than in the ppGpp-induced cells (65%).
The reason for this difference is not yet clear. Because in the

FIG. 2. The effect of lRexB on the in vivo stability of P1 Phd (A), E.
coli MazE (B), and lCII (C). (A) Phd. A culture of E. coli MC4100 (lacIq)
was transformed with pHAL20 that carries phd-doc under the control of
ptac (upper) or together with the compatible plasmid pRS15 carrying
lrexB under its own promoter pLIT (lower). Freshly transformed cells
were grown in M9 medium overnight at 30°C, and then were diluted 1:10
and grown for another hour at 37°C. The cultures were shifted to 41°C,
and Phd induction was carried out by the addition of 1 mM IPTG for 15
min. A pulse–chase experiment was done as described by us previously
(20). Cells were lysed and immunoprecipitated with antibodies to Phd by
using the procedure we described (4). The samples were applied to
discontinuous (10–16%) SDSyPAGE gels and analyzed by autoradiog-
raphy; Phd was identified according to its molecular weight and immu-
noprecipitation with antibodies directed against Phd. (B) MazE. E. coli
MC4100 (lDBamDH1) carrying the temperature-sensitive l repressor
cI857 was transformed with pRSE carrying mazE under the control of the
lpL promoter (upper) or with pRSE1 also carrying the lrexB gene under
the control of its own promoter pLIT (lower). Cell growth, pulse–chase
procedure, cell lysis, gel used, and MazE identification was performed as
described (20). (C) lCII. A culture of E. coli MC4100 was transformed
with pHG335 that carries lcII under the control of the ptac promoter
(upper) or together with the compatible plasmid pRS15 carrying lrexB
under its own promoter pLIT (lower). Freshly transformed cells were
grown in M9 medium to mid-logarithmic phase at 30°C. The cultures were
shifted to 42°C, and lCII induction was carried out by the addition of 1
mM IPTG for 15 min. Cells were labeled for 1 min and chased as
described for P1 Phd above. Samples were precipitated with 10%
trichloroacetic acid on ice, washed with cold acetone, resuspended in 60
mM Trisy2% SDSy0.7% 2-mercaptoethanoly10% glyceroly0.1% bromo-
phenol blue, and applied to 15% SDSyPAGE gels. lCII position on the
gel was determined as described for MazE above.

FIG. 3. The effect of lRexB on the E. coli mazEF programmed cell
death induced by ppGpp (A) and by amino acid starvation with serine
hydroxamate (B). (A) The experiment includes E. coli strains MC4100,
MC4100(l), MC4100(lrexB::V), MC4100ypLDG1 (carrying lrexB),
MC4100ypRS14 (carrying lrexBUAA), MC4100 clpP::cat (SG22098), and
MC4100DmazEF. ppGpp induction was carried out by using truncated
relA gene as described in Materials and Methods. (B) The experiments
included the relA1 derivatives of E. coli strain MC4100, MC4100(l),
MC4100DmazEF, MC4100(lrexB::V), MC4100ypLDG1 (carrying
lrexB), and MC4100ypRS14 (carrying lrexBUAA). We included
MC4100relA2 as a control. Amino acid starvation was carried out by
treating the cells with serine hydroxamate as described in Materials and
Methods. In A and B, cell survival was measured by colony-forming ability,
and the data presented are the mean of at least five independent
experiments.
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serine hydroxamate system the protection by lrexB on a plasmid
is similar to that of a l lysogen, we assume that no other phage
functions are involved in this protection. In addition, in a l
lysogen rexB completely prevents cell death, whereas only partial
protection (60%) was observed in a DmazEF strain. This result
suggests the existence of another ClpP-dependent chromosomal
addiction module. A possible candidate is chpB (21). However,
there is no evidence yet that the chpB module is inducible by
either ppGpp or serine hydroxamate.

DISCUSSION

In previous work (4), we described an additional function for the
product of the bacteriophage l rexB gene—prevention of the in
vivo degradation of the short-lived l replication protein O , which
is a substrate for the ClpPX protease (10, 11, 15). The results we
have reported here show that the product of lrexB acts similarly
on two other short-lived proteins that are degraded by proteases
belonging to the ClpP family. One of these is the addiction protein
Phd of plasmid prophage P1, which has recently been described
as a substrate of the ClpPX protease (19). The stabilization of Phd
by lrexB in vivo is shown here, both directly (Fig. 2A) and
functionally: the presence of lrexB prevents the postsegregational
killing effect encoded by P1 (Fig. 1). According to the results of
our experiments, lrexB only partially affects Phd stabilization
(Fig. 2A), whereas it completely antagonizes postsegregational
killing (Fig. 1). Thus, it seems that even by partially preventing the
degradation of Phd, lRexB can efficiently antagonize the toxic
protein Doc encoded by P1 and thereby prevents host death on
curing of the plasmid. The product of lrexB also prevents the in
vivo degradation of the short-lived MazE protein (Fig. 2B). This
protein is encoded by the mazE gene, which is located down-
stream from relA in the E. coli rel operon (22). We recently
reported (20) that MazE is a substrate of the ClpPA protease. As
in the case of Phd, the product of lrexB has only a partial
stabilizing effect on MazE. However, as in the case of Phd, the
stabilizing effect of MazE has functional consequences, prevent-
ing the rel mazEF-mediated cell death induced by ppGpp (Fig. 3).
All of the experiments illustrated in Figs. 1–3 were carried out at
elevated temperatures, because we observed that at high tem-
peratures (41–42°C), both the killing effect of the phd-doc and
mazEF systems and the degradation of Phd and MazE are
increased (data not shown). This temperature dependency may
be related to the heat-shock inducibility of ClpP (34).

Our result suggests that it is the presence of the product of
lrexB, and not just the presence of the gene alone, that inhibits
the in vivo degradation of the antitoxin proteins Phd and MazE.
We base our assumption on two lines of evidence: (i) nonsense
mutations in lrexB permit both the postsegregational killing by
the phd-doc system (Fig. 1) and the ppGpp-induced killing
mediated by the mazEF system (Fig. 3) and (ii) the stabilization
effect of lrexB on Phd (Fig. 2A) and MazE (data not shown), as
well as the anti-death action in both phd-doc and mazEF systems
(Figs. 1 and 3), are manifested in trans.

lRexB and the E. coli ClpP Family of Proteases. Our results
show that lRexB prevents the degradation of proteins that are
substrates of either the ClpPX protease (lO and P1 Phd) or the
ClpPA protease (E. coli MazE). The ClpP proteases form a family
in which the proteolytic subunit ClpP is associated with one of the
subunits, ClpA or ClpX, each of which has its own specificity, as
well as ATPase activity (see Introduction). In contrast, as shown
in Fig. 2C, the degradation of the short-lived protein CII of
bacteriophage l is not prevented by the product of lrexB. lCII is
degraded by the ATP-dependent protease FtsH (HflB; refs.
35–37). Therefore, our results suggest that lRexB specifically acts
against the ClpP family of proteases and not as a general
antagonist of ATP-dependent proteases.

How does lRexB inhibit the ClpP family of proteases? lRexB
may interact either directly or indirectly with the proteolytic
subunit of the ClpP protease or with either ClpA or ClpX, which

are closely related (38). Alternatively, the lRexB protein itself
may be degraded by the ClpP family of proteases. Thus, in excess
it may competitively inhibit the degradation of other substrates of
the ClpP family such as lO, Phd, and MazE. This assumption is
supported by our experiments indicating that a balance between
the amount of E. coli MazE and lRexB is required for the
stabilization to occur (see Results). A similar competition model
has recently been suggested (39) to explain the stabilization of
lCII (40) and s32 (41) by lCIII. In this case, lCII (36, 37) and s32

(35), as well as lCIII (39), are substrates of the FtsH (HflB)
protease.

lrexB as Anti-Cell Death Gene and its Role in the Life Cycle
of Phage l. We have previously suggested (20) that the rel mazEF
addiction module may be responsible for programmed cell death
in starved E. coli cells (Fig. 4A). The results we report here further
support this model, in which mazEF programmed cell death is
induced by the signal molecule ppGpp (Fig. 3A), which in turn is
regulated by amino acid starvation (Fig. 3B). Thus, the stabili-
zation by lRexB of addiction proteins, which are substrates of the
ClpP proteases (like MazE or PhD), suggests that the product of
lrexB has an additional role previously undescribed, as an anti-
cell death protein. Our model for the antagonistic effect of lRexB
on rel mazEF programmed cell death is illustrated in Fig. 4B.

rex as a Phage l ‘‘Survival Operon.’’ Most of our knowledge
of the lrex operon and its role in the life cycle of bacteriophage
l has been based on research directed toward the understanding
of the Rex exclusion phenomenon, in which the development of
several unrelated phages is restricted by the combined action of
the two lrex operon products, lRexA and lRexB (see Introduc-
tion). Rex exclusion-mediated cell death has been described as an
altruistic behavior on the part of the infected cells; by committing
suicide in response to infection, the bacterium may protect its
nearest neighbors (3), which are likely to include its identical
siblings. Accordingly, the role of the lrex operon in the life of
phage l is to trigger a cell-death program that enables l to survive
by winning in competition with other phages. Phenomenologi-
cally, it is similar to the strategy of exclusion used by many other
parasitic DNA elements including prophages and plasmids (42).
In this article, we have described another role for one of the genes,

FIG. 4. A model for the E. coli rel mazEF-mediated cell death (A) and
the anti-death effect of lRexB (B). (A) Under conditions of nutritional
starvation, the level of ppGpp increases. During amino acid starvation,
this increase in the cellular level of ppGpp is achieved by the interaction
of the product of relA with uncharged tRNA (33). ppGpp inhibits the
coexpression of mazE and mazF. MazF is a long-lived toxic protein,
whereas MazE is an antitoxic labile protein that is degraded by the ClpPA
protease. Therefore, when the cellular level of ppGpp is increased, the
concentration of MazE is decreased more rapidly than that of MazF, and
thus MazF can exert is toxic effect and cause cell death (20). (B) lRexB
antagonizes the ClpP family of proteases. As a result, it inhibits the
degradation of the antitoxic protein MazE and thereby prevents cell
death.
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lrexB, of the rex operon for the life of l. Its product, lRexB,
prevents programmed cell death mediated by the E. coli chro-
mosomal addiction module rel mazEF that is regulated by the
signal molecule ppGpp and thus by amino acid starvation. The
mazEF addiction module enables l lysogens to survive under
conditions of nutrient stress such as amino acid starvation (Fig.
3). Thus, the lrex operon may have at least two functions for the
life cycle of l, exclusion of other phages and prevention of death
of the infected cells under conditions of nutrient starvation. The
first function is permitted by the action of the products of both
lrexA and lrexB and takes place only when a l-lysogenized host
is infected by another phage(s). The second function requires
lRexB only and takes place in cells lysogenized with l. Thus, the
lrex operon can be considered the survival operon of phage l.
This operon ensures the survival in nature of phage l, both in its
struggle against infection by other phages (43) and in its depen-
dence on the survival of its host even when l itself is faced with
conditions of nutrient stress.
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